Here we report on the presence of proliferating cell nuclear antigen (PCNA) in human leptomeninges from 35 normal subjects with ages ranging from 57 to 94 years. Strong immunoreactivity with P C l O (a monoclonal antibody to PCNA) was detected in the nuclei of meningothelial cells, smooth musde cells of leptomeningeal vessels, and ependymal cells. An immunoblot of leptomeningeal homogenate with PClO showed the presence of a single band at 35 KD , the expected ' Correspondence ta Yasuo Ihara, MD. These observations point to isolated PCNA expression in tissue in which cells are not actively proliferating. (JHstOchem Cytochem 441261-1265, 19%) 
Introduction
During the course of our work on cerebral amyloid angiopathy, we noted one report of the presence of proliferating cell nuclear antigen (PCNA) in the nuclei of affected smooth muscle cells (Wisniewski et al., 1994) . Related to this, other observations revealed the presence of a proliferation marker associated with neurofibrillary tangles in Alzheimer's disease (AD) and aged brains (Smith and Lippa, 1995; Masliah et al., 1993) . These findings suggest the possibility that cells degenerating in AD or during aging attempt to enter the regenerative cycle but cannot go through it.
PCNA, which was originally identified as a cell cycle-dependent antigen (Miyachi et al., 1978) . is the processing factor for DNA polymerases 6 (Prelich et al., 1987) and E (Lee et al., 1991) , and has essential roles in the replication and repair of damaged DNA (Shivji et al., 1992) . Its activity is regulated by forming a complex with cell cycle-related proteins such as cyclin-dependent kinases (CDKs) and p21 (Xiong et al., 1993) . Analysis ofcrystallized PCNA showed that three PCNA molecules form a closed ring and encircle double-stranded DNA (Krishna et al., 1994) . Ki-67, a nuclear protein, was originally identified by its cell cyclerelated expression and is now believed to be a more specific marker for cell proliferation and cell cycling than PCNA (Lynch et al., 19944; Schluter et al., 1993; Louis et al., 1991; Gerdes et al., 1984) .
We investigated systematically whether these antigens, PCNA and Ki-67, are present at significant levels in aged brains, in particular leptomeningeal vessels, by both immunocytochemistry and immunoblotting.
Materials and Methods
Materials. Samples examined here were obtained from autopsies at the Tokyo Metropolitan T m a Geriatric Hospital. The ages of 35 subjects ranged from 57 to 94 years (one case in the 50-59-year range; four in the 60-69year range; 16 in the 70-79-year range; 10 in the 80-89-year range; and four in the 90-99-year range). Postmortem delay ranged from 2 to 12 hr. Histological examinations did not show any evidence compatible with meningitis or meningioma in the specimens. None of the subjects except one suffered from Alzheimer's disease or clinically overt cerebral amyloid angiopathy. For immunocytochemistry, small pieces of occipital lobes at the occipital pole (Brodmann areas 17/18) were fixed in buffered 10% formalin and embedded in paraffin according to the standard procedure. In some cases specimens were also processed for frozen sections; they were fixed in buffered 4% paraformaldehyde. embedded in OCT compound (Miles; Naperville. IL), and frozen in liquid nitrogen. For immunoblotting, samples were taken from contralateral occipital poles, frozen on dry ice, and kept at -80°C until use.
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F'UNATO, YOSHIMURA, ITO, OKEDA, IHARA Immunocytochemistry. Tissue sections were cut at 6 pm, mounted on albumin-coated slides, air-dried on a hotplate at 55°C. and kept at 65°C for several hours. After deparaffinization, sections were treated with 0.3% hydrogen peroxide in methanol for 15 min to destroy endogenous peroxidase activity. For retrieving PCNA and Ki-67. tissue sections in 0.01 M citrate buffer (pH 6.0) were heated in a microwave oven (500 W) four times, each for 5 min (Cattoretti et al.. 1993) . Omission of this step or heating in the microwave oven less than three times resulted in no significant staining or a profound decrease in staining intensity. However, even with this treatment we were unable to retrieve PCNA and Ki-67 in those sections from several cases which had been kept in non-buffered formalin for several months or more than a year. Treated sections were incubated with Trisbuffered saline (TBS) containing 10% calf serum and then with a monoclonal antibody to PCNA [PC10 (1:50); Dakopatts. Glostrup, Denmark (Rms et al., 1993: Waseem and or Ki-67 [MIB-1 (1:lO); Immunotech. Marseilles. France ] overnight at room temperature (RT). The immunoreactive proteins were visualized by the avidin-biotin procedure (Vector Elite; Vector Laboratories, Burlingame. CA) using 0.02% 3.3'diaminohenzidine. Some sections were counterstained with methyl green (MG). Adjacent sections were stained with hematoxylin and eosin (H&E). Tissue sections from a case ofcolon adenocarcinoma were used as a positive control for PCNA and Ki-67 immunoreactivities. Cryostat sections were immunostained in the same way as deparaffinized sections without the antigen retrieval procedure. A monoclonal antibody to amyloid P-protein (AP), 4G8 (Kim et al., 1988) , was used for assessing the extent of AD deposits in the cortex and leptomeningeal vessel. For AD immunostaining, the sections were pretreated with 95% formic acid for 5 min (Kitamoto et al., 1987) .
The abundance of PCNA-positive nuclei in leptomeninges (including leptomeningeal vessels) was assessed by the ratio of the number of PCNApositive nuclei in 10 randomly selected fields ( x 25 objective lens) to the number of nuclei in corresponding fields of the adjacent H&E section. Their abundance was also assessed on immunostained sections with MGcounterstaining. The H&E-and MG-based values were almost the same. The abundance of PCNA-positive nuclei estimated in frozen secrions was similar to that in formalin-fixed. paraffin-embedded sections.
Immunoblotting. About 50 mg (wet weight) of leptomeninges containing leptomeningeal vessels was taken from the occipital pole of each brain. Sampled leptomeninges were cut into small pieces with a sharp blade and homogenized in 19 volumes of Tris-saline buffer (50 mM Tris-HC1. pH 7.4,0.15 M NaC1)containing 2% SDS. 1 mM EGTA, 0.5 mM diisopropylfluorophosphate (DIFP), 0.5 mM phenylmethyl sulfonyl fluoride (PMSF). I pgiml Na-tosyl-~-lysine chloromethyl ketone (TLCK), 1 pg/ml antipain, 0.1 pglml pepstain. and 1 pg/ml leupeptin. with a Teflon-glass motordriven homogenizer. After incubation for 1 hr at RT, the homogenates were centrifuged at 100,000 x g for 15 min on a TL 100.3 rotor (Beckman; Palo Alto, CA). The protein concentration of the supernatant was determined by the bicinchoninic acid (BCA) method (Pierce; Rockford, IL). Fifty pg of protein was run on a 12.5% SDS-polyacrylamide gel for PCNA detection or on a 5 % SDS-polyacrylamide gel for Ki-67 detection. Separated proteins were rransferred to Immobilon P membrane (Millipore; Bedford, MA) in a semidry blot apparatus (Bio-Rad; Richmond, CA) at 90 mA for 1.5 hr. In the case of Ki-67, 0.1% SDS was included in and methanol was removed from the transfer buffer.
Nonspecific binding was blocked by preincubation with 3% skim milk in Tris-saline (pH 8.3) containing 0.1% Tween 20 (TBS-T) for 1 hr at RT. The blot was incubated with PClO or MIB-1 at 12.5 pg/ml or 230 pg/ml. respectively. After rinsing with TBS-T, the blot was incubated with horseradish peroxidase-conjugated goat anti-mouse IgG for 1 hr at RT. After a final wash, immunoreactive proteins were visualized using an enhanced chemiluminescence (ECL) system (Amersham; Poole, UK). As a positive control for PCNA and Ki-67, 1 pg of protein from a homogenate of PAI. a myeloma cell line, was similarly processed Immunocytochemistry PCIO. a monoclonal antibody that is able to detect PCNA in formalin-fixed, paraffin-embedded sections ( Roos et al., 1993; Hall et al., 1990; Waseem and Lane, 1990) , was used throughout the present study. PClO stained the nuclei in the leptomeningeal vessel ( Figure 1A) , mainly nuclei of smooth muscle cells and some of those of endothelial cells, based on their locations and observations on adjacent H&E-stained sections. The nuclei of meningothelial cells of arachnoid mater were also stained ( Figure 1B) , whereas the nuclei of pia mater cells appeared to be stained much less strongly and in much fewer numbers. The staining of nuclei was not always uniform but somewhat granular ( Figures 1B and  ID, and insets) . The morphologies of the stained nuclei did not differ from those of the unstained nuclei. The proportion of immunoreactive nuclei varied greatly among cases, ranging from 1% to 90%. In the parenchyma, immunoreactivities were found in nuclei of endothelial cells, pericytes, and smooth muscle cells of parenchymal vessels ranging from capillaries to arterioles in the Virchow-Robin space ( Figure IC) , but never in those of neurons. Notably, more than 70% of the nuclei of ependymal cells were strongly immunostained ( Figure ID) . Some astrocytes, especially those in the subependymal region, showed weak cytoplasmic immunoreactivities. In a few cases, microglia-like cells also showed cytoplasmic immunoreactivities. The abundance of PCNA-positive nuclei evaluated in frozen sections was very similar to that in formalin-fixed, paraffin-embedded sections. Omission of PClO from the immunostaining procedure eliminated all of these immunoreactivities.
Contrary to a previous report (Wisniewski et al., 1995) , the abundance of PC10-positive nuclei in the tunica media was unrelated to the presence of AB deposits (data not shown). In addition, the extent of the immunoreactivities appeared not to be related to age, gender, or underlying diseases (in the present series, the Spearman's correlation coefficient was 0.3; data not shown).
Using a monoclonal antibody to Ki-67, MIB-I. which is applicable to formalin-fixed, paraffin-embedded sections , we found no immunoreactivity in the nuclei of leptomeningeal cells, smooth muscle cells of leptomeningeal vessels, or brain cells.
On standard histological examination, no mitotic figures were found among the leptomeningeal cells and ependymal cells.
ImmunobLotting
To confirm the above immunocytochemical observation, PClO or MIB-1 immunoreactivity in the homogenates from leptomeninges or cortices was examined by immunoblotting using a myeloma cell line (PAI) as a positive control. With PC10, each leptomeningeal homogenate presented a single intense band at 35 KD, which was the predominant species in the case of PA1 (Figure 2) , and the cortical homogenates showed a few crossreactive bands at 43 KD and 50 KD but no or a barely discernible band at the expected molecular mass. No MIB-1 immunoreactivity was detected in the blot of leptomeningeal or cortical homogenates, whereas doublets at more than 300 KD and a smear were stained in the blot of PA1 homogenate, as described previously . 
Discussion
Although only one monoclonal antibody for the detection of PCNA or Ki-67 was employed here, the consistency between the immunocytochemical and immunoblotting results should enable us to conclude that the PC10 and MIB-1 immunoreactivities observed in the present study represent PCNA and Ki-67, respectively. Some crossreactivities with PClO on the blot of cortical homogenates may be a cause of cytoplasmic staining of astrocytes and microglia-like cells. At present we do nor know why the proportion of PCNApositive cell nuclei varies so greatly. One important factor that should be taken into consideration is fixation: Prolonged fixation in nonbuffered formalin resulted in no staining, even by the microwave antigen retrieval method, which is otherwise most effective. This suggests that the individual variability observed here may be due to differences in the fixation methods and therefore that under optimal conditions the majority of cell nuclei in those tissues would be intensely stained. The finding in a few cases of no immunocytochemical staining on the section but a strong band at 35 KD on the blot of leptomeningeal homogenates may support the above view. In fact, controlled fixation of young rat brains provided more intense staining of those nuclei in leptomeninges and ependyma (data not shown).
Only one report of the presence of PCNA immunoreactivity in smooth muscle cells of Apbearing leptomeningeal vessels has been published (Wisniewski et al., 1994) . The present immunocytochemical and immunoblot data clearly show that the smooth muscle cell nuclei in the leptomeningeal vessels display PCNA immunoreactivity regardless of whether AB deposits are present, and that the nuclei of meningothelial cells and ependymal cells contain significant levels of PCNA, whereas no PCNA-positive nuclei were MIB-I-immunoreactive. It is of particular interest to determine whether PCNA expression in leptomeninges is dependent on age. Our preliminary observations on several specimens from younger adults suggest that this is not the case. PCNA might be expressed in leptomeninges throughout life.
PCNA was previously considered to be a marker for cell cy- cling, but it is now known that nonproliferating cells also express PCNA (Hall et al.. 1994; Harrison et al.. 1993; Wolf and Dittrich, 1992) . Ki-67 is now considered to be a more specific marker for cell proliferation than PCNA (Lynch et al.. 1994; Schliiter et al., 1993; Louis et al., 1991; Gerdes et al., 1984) . Therefore, PCNA expression may not be directly related to cell proliferation. This view is further strengthened by the present observation that ependymal cells, which are unable to regenerate (Sarnat, 1995) . are PCNApositive but Ki-67-negative. In addition, no mitotic figures were found among the leptomeningeal cells and ependymal cells. The present finding is not related to proliferative changes induced by atherosclerosis. because sampled leptomeningeal vessels were not affected or affected only mildly and because, in addition to smooth muscle cells, meningothelial cells and ependymal cells were immunoreactive for PCNA to similar degrees. In addition, even the proliferative activity in the intima and media of the extracranial vessels, which are most vulnerable to atherosclerosis, is reported to be focal and weak (Rekhter and Gordon, 1995; Katsuda et al., 1993; O'Brien et al.. 1993; Gordon et al., 1990) . This suggests that PCNA expression is restricted to leptomeningeal cells and smooth muscle cells of leptomeningeal vessels.
Although PCNA is also known to play a significant role for DNA repair, it is difficult to imagine that most of leptomeningeal cells and ependymal cells shielded by the skull from uv rays constantly undergo D N A damage and are performing DNA repair. Therefore. it is unlikely that the isolated PCNA expression described above has any relationship to DNA repair.
Schwann cells of normal peripheral nerve were reported to be immunoreactive for PCNA (Louis et al.. 1991) . This may be another example of isolated PCNA expression. Although the sig-nificance of PCNA expression in leptomeninges remains to be clarified, it is of note that normal tissues adjacent to carcinoma are PCNA-positive and Ki-67-negative (Wolf and Dittrich, 1992) and that transforming growth factor-a and epidermal growth factor induce PCNA upregulation in pancreatic cells that are known to have their receptors (Hall et al.. 1994) . These points raise the possibility that certain humoral factor(s) could be involved in the unusual mode of PCNA expression. It may be that some molecules in CSF induce PCNA expression in leptomeninges and ependyma. If so. leptomeningeal cells could be continuously stimulated by certain growth factors. Our major concern is whether such constant stimulation accelerates senescence of leptomeningeal cells and is related to accumulation of A(3 in the leptomeninges (unpublished data).
